Abstract-Because of scarcity of photons emitted from the heart, clinical cardiac SPECT imaging is mainly limited by photon statistics. The sub-optimal detection efficiency of current SPECT systems not only limits the quality of clinical cardiac SPECT imaging but also makes more advanced potential applications difficult to be realized. We propose a high-performance system platform-C-SPECT, which has its sampling geometry optimized for detection of emitted photons in quality and quantity. The C-SPECT has a stationary C-shaped gantry that surrounds the left-front side of a patient's thorax. The stationary C-shaped collimator and detector systems in the gantry provide effective and efficient detection and sampling of photon emission. For cardiac imaging, the C-SPECT platform could achieve 2 to 4 times the system geometric efficiency of conventional SPECT systems at the same sampling resolution. This platform also includes an integrated transmission CT for attenuation correction. The ability of C-SPECT systems to perform sequential high-quality emission and transmission imaging could bring cost-effective high-performance to clinical imaging. In addition, a C-SPECT system could provide high detection efficiency to accommodate fast acquisition rate for gated and dynamic cardiac imaging. This paper describes the design concepts and performance potential of C-SPECT, and illustrates how these concepts can be implemented in a basic system. Index Terms-Imaging, instrumentation, SPECT, system analysis and design.
I. INTRODUCTION
C ARDIAC perfusion SPECT imaging currently accounts for about half of all clinical nuclear imaging performed in the United States. This is because coronary heart disease (CHD) is a common health problem and cardiac SPECT is often the first advanced imaging technique for evaluation of suspected CHD. However, the majority of clinical SPECT systems used for cardiac imaging today are still general-purpose systems that are not really optimized for cardiac SPECT. To achieve optimal cardiac imaging performance, a SPECT system needs to be designed for optimized imaging the heart, which is unique in its anatomy, location, and imaging requirements. Several new and dedicated cardiac SPECT systems that attempt to address these needs have emerged recently and are being promoted commercially [1] , [2] .
Because of the restrictions imposed by radiation burden and imaging time, nuclear imaging is inherently photon-limited. The primary performance-limiting factor of all SPECT systems is photon sensitivity or, specifically, detection efficiency. For cardiac SPECT imaging, desirable photons are scarce because typically only 1-3% of the injected radiotracer localizes in the myocardium [3] . This fact largely explains the poor quality of cardiac SPECT images acquired in a standard 15-minute time frame. This low detection efficiency is even more critical for demanding imaging procedures, such as gated cardiac SPECT. Nevertheless, the diagnostic utility of gated cardiac SPECT has been well established, and its clinical demand is still growing. A cardiac SPECT system with improved detection efficiency can be used to shorten imaging time to reduce incidences of motion artifacts and increase patient throughput, or allow reduction of radiotracer dosage and radiation exposure, while maintaining imaging quality and diagnostic accuracy. Furthermore, a much-anticipated imaging application that may open a new diagnostic dimension is dynamic cardiac SPECT. One example is imaging the heart in the first few minutes after injection of a fast-flowing tracer, such as Tc-99m-Teboroxime (Cardiotec) [4] - [8] . This procedure could allow quick and repeated assessment of perfusion, viability of myocardium, and cardiac reserve. Due to the low detection efficiency of current SPECT systems, this tracer's kinetics in human heart can only be studied with planar imaging but not with the SPECT technique yet. Due to rapid washout, the ultimate dynamic cardiac studies require high sampling rates, ideally with sub-10 second temporal resolution. For such fast acquisition, a largely stationary SPECT system with much increased detection efficiency is necessary. In initial explorations of clinical dynamic cardiac SPECT imaging, the current target is to achieve sub-2-minute acquisition using high detection efficiency systems [9] . Another approach that demands greatly increased detection efficiency to improve cardiac SPECT is using respiratory gating to reduce motion blurring [10] .
For proper attenuation correction of SPECT images, a patient-and-slice-specific attenuation map derived from a transmission CT (TCT) is required [11] - [17] . Despite active development and commercial availability for years, TCT techniques have yet to be fully accepted by the clinical community. We believe the reasons are: marginal improvements, cumbersome operation, benefit-to-cost trade-offs, and lack of adequate complementary scatter correction methods, etc. Nevertheless, two successive position statements published jointly by the American Society of Nuclear Cardiology and the Society of Nuclear Medicine strongly endorsed the use of attenuation correction and encouraged further development of TCT techniques [18] , [19] . A cardiac SPECT system should have an effective and practical TCT component.
We have developed new design concepts for a cardiac SPECT/TCT system, which we now call C-SPECT (formerly 0018-9499/$26.00 © 2009 IEEE MarC-SPECT) [20] . These concepts have recently evolved into a second-generation design [21] . Thus, we consider C-SPECT as a new platform of SPECT systems. Our approach focuses on the system's geometry to optimize the detection of photons emitted from the heart in quality and quantity. The C-SPECT platform has potential to achieve much-improved performance with cost-effectiveness, offer simple and practical clinical operations, and provide consistent and high image quality. This platform also includes an integrated TCT component that shares the same detector system with SPECT operation. To distinguish it from the current hybrid SPECT/CT systems that combine two independent SPECT and CT systems, we use the label "Tct" to denote its secondary role in C-SPECT. The Tct is not of diagnostic quality on its own and is designed to provide attenuation maps for attenuation correction, to guide image co-registration, and to provide supports for image reconstruction.
II. GENERAL DESIGN CONCEPTS
The C-SPECT platform is centered on the following general design concepts.
A. Optimizing Detection Efficiency
Our basic assumption is that a SPECT system's performance potential is largely represented by its detection efficiency for a given sampling resolution. Detection efficiency is defined by the collimator system and is conventionally expressed as the detection solid angle for a point source. It can be viewed as a commodity that can be traded for sensitivity or spatial resolution with different collimators. We expand this concept to "system geometric efficiency (SGE)" as a characteristic parameter of a SPECT system. The subject of SGE is described in details in Section III.G. Our design principle is to maximize SGE under practical constraints. Because SGE is related to detector coverage, our concept to is to provide as large a detector area as practical for detecting emission-photons.
B. Effective Collimation and Sampling
To assure the quality of data, we implement effective collimation and sampling in an optimized system geometry. Basically, a large area detector in a body-conforming geometry is complemented with effective, while flexible, collimation and sampling of the heart region.
C. Predetermined Imaging Volumes
To realize the above two concepts, we have introduced a target-centric imaging concept through a new feature called predetermined imaging volume (PIV) [20] . Each PIV is a invisible cylindrical volumes defined in the patient aperture. The rest of the system is designed to optimize imaging of the target in the PIVs. The details are described in Section III.D.
D. Adaptive Imaging
We use a brief scout-imaging first to select an appropriate PIV for each patient. SPECT imaging is performed after the heart of the patient is moved into the selected PIV. Thus, predetermined and optimized imaging parameters are selected adaptively to suit each patient and each imaging situation.
E. Multiple Sequential Imaging
We introduce a collimator exchange scheme to facilitate multiple sequential imaging modes to be conducted efficiently without changing patient's imaging position.
F. Integrated Tct Imaging
A transmission-imaging scheme is implemented on the same detector system as a sequential imaging mode to SPECT imaging.
III. C-SPECT-I
From here on, we present a basic design of the C-SPECT platform, called C-SPECT-I, to illustrate potential implementations of these concepts. Because the detailed designs of C-SPECT-I have not been completely finalized, many design parameters are described with a range of values.
A. System Configuration and Gantry
A virtual C-SPECT-I system is shown in Fig. 1 with a patient being imaged in an upright position. It has a C-shaped stationary gantry, which houses the major components-the collimator and the detector systems. As shown in Fig. 2 , in the transverse plane, the gantry wraps around the patient's left and front thorax and extends axially to cover at least the full length of the heart. The gantry's longitudinal axis and the patient's long axis are parallel to each other and slightly reclined. The front end of the gantry facing the patient is called the C-arc. The open space partially enclosed by the C-arc is the patient aperture. The size and shape of the C-arc are designed with a general thoracic countour in mind to allow most patients to be positioned close to the collimator system. In C-SPECT-I, the shape and curvature of the C-arc, in the transverse plane, is based on a modified partial ellipse.
B. Collimator System
A collimator system resides at the front of the gantry conforming to the curvature of the C-arc. The collimator system Fig. 2 . A transverse cross section of C-SPECT-I, viewed downward from the top, shows a C-shaped detector-arc and a similar shaped slit-slat collimator system. The latter conforms to the gantry's C-arc. Between the slit-plate and the detector-arc is the slat-stack. A large number of transverse non-overlapped projections of the heart can be imaged simultaneously through the slits. defines the imaging field and is designed specifically for a PIV. The transverse plane of the collimator system and its associated PIV are shown in Fig. 2 . The collimator system is based on the "slit-slat" design first introduced in the Michigan's brain SPECT system SPRINT-II [22] - [24] .
1) Slit-Slat Collimator:
The collimator system consists of two physically separate components-a slit-plate and a slatstack-shown separately in Fig. 3 . The slit-plate is basically a curved lead plate (6 to 8 mm thick) with multiple axially oriented slits, which are air gaps of uniform width. The slat-stack is a stack of thin lead plates or foils (about 0.2 mm thick) parallel to the transverse plane, and separated by about 3 mm of air-equivalent gaps. The slat-stack extends radially, with varying length from 8 to 10 cm, and fills most of the transverse space between the slit-plate and the detector system. The axial length of the slat-stack is 16 cm. Each slit casts a minified non-overlapping projection of the PIV on the detector surface. These projections are inverse-fan-beam collimated transversely and parallel collimated axially. In the transverse plane, the collimator system subtends an angle of approximately 200 , from the first to the last slit, with respect to the center of the primary PIV-the frequently used PIV.
2) New Features: We have modified the original slit-slat collimator to suit C-SPECT-I as follows:
a) Stationary During Imaging: Keeping the slit-plate stationary during SPECT imaging is desirable to maintain a welldefined PIV while optimizing the use of detector area. This is because this slit-plate, which conforms to the curvature of the C-arc, is not circular; a small step-and-shoot rotation, as operated in SPRINT-II, would cause successive projections of a slit to shift away from the intended PIV. This stationary feature facilitates precision collimation, robust calibration of the collimator-detector system, and is not vulnerable to the common center of rotation problem in rotating-camera SPECT systems.
b) Number of Slits: The number of slits, and their corresponding number of projections allowed on the detector-arc, is determined by the projection's width. It is in turn related to the projection minifying factor and the intrinsic spatial resolution (ISR) of the detector system. For ISR in the range of 2.0 to 3.5 mm, the number of slits in C-SPECT-I is in the range of 10 to 16. c) Slit Width: The transverse collimator resolution of each slit is determined by its width. The widths of the slits are about 3 mm. A desirable feature is that each slit's width can be adjusted individually to yield the same transverse collimator resolution, or sampling resolution, at the center of its associated PIV.
d) Slit-Guides: Both sides of each slit are knife-edgeshaped. In addition, a pair of divergent lead pieces, called slit-guides, will be added to both sides of each slit, as shown in Fig. 3(a) . These slit-guides restrict incoming photons to those from the PIV and prevent overlapping of adjacent projections on the detector. The orientations of the slit-guides, varying from slit to slit, define the size and location of its associated PIV. On the transverse plane, the two slit-guides of each slit are symmetric to a line that connects the slit to the center of its PIV.
C. Detector System
The detector system is located immediately behind the slatstack of the collimator system, as also shown in Fig. 2 . The detector system is also generally C-shaped and is assembled from a series of detector modules. Room-temperature semiconductor detectors, such as CZT-ASIC [25] - [28] , or pixellated-scintillator coupled to PSPMT or PD/APD [29] - [31] can be readily used here, especially in view of their high intrinsic spatial resolution (ISR) and lack of edge effects. However, they are currently far too expensive for the large detector area required here. To be cost-effective, our detector approach is based on conventional technology. The detector system of C-SPECT-I will be assembled from many (10-20) NaI(Tl)-based detector modules, packed side-by-side transversely. Each module is covered by an array of medium-size single-anode PMTs. The total angular coverage of the detector-arc is slightly larger than that of the slit-plate, about 210 with respect to the long axis of the primary PIV.
The detailed design of the detector module has yet to be finalized. It is beyond the scope of this paper. Nevertheless, the general requirements of the detector system are clear and presented as follows.
1) Large Detector Area: To achieve large detection solid angle, and hence high SGE, the total detector area will be as large as practical, under constraints of cost, and functional and operational concerns.
2) High Packing Fraction and Stopping Power:
To catch emission photons efficiently and effectively, the large-area detector system should be practically continuously position-sensitive with minimal detection gaps. Appropriate detector thickness is essential to provide adequate stopping power for the photon energies of interest. For our major application with 140 keV photons, the thickness of the NaI(Tl) can be 10 mm. It is important to eliminate, or at least minimize, the detector edge effects on the transverse plane of the modules to minimize sampling gaps and maximize detector area.
3) High Transverse Intrinsic Spatial Resolution (ISR):
The high SGE of C-SPECT results from using a large number of minified projections of a relatively small PIV. The prerequisite for using minified projections is that the detector has adequately high ISR to sample the high spatial frequency information of the minified projections. Because minified projection is used only in the transverse direction, the detector's transverse ISR requirement is demanding. To achieve high ISR ( mm) with 10 mm thick NaI(Tl) slab, appropriate segmentation or pixellation of the slab is necessary.
4) Decent Energy Resolution:
Good energy resolution of the detector system reflects the effectiveness of a detector system's light collection and utilization as well as facilitates energy discrimination. Our targeted energy resolution at 140 keV will be in the 9-11% range, comparable to other NaI(Tl) based segmented detector systems, such as Anger cameras, SPRINT-II, and current pixellated detectors.
5) High Count-Rate Capability:
Due to the modular nature of the detector system, each detector module operates independently and in parallel with other modules. This feature allows the detector system to achieve high count-rate capability with standard electronics used in Anger cameras. For very high count-rate performance, special electronics, such as HYPER architecture, can be implemented [32] .
D. Imaging Operation 1) Predetermined Imaging Volume (PIV):
All the operation is centered on imaging a target located in a specific predetermined image volume (PIV). This concept is extended from our previously proposed cardiac SPECT system [33] . Due to variations among patients, several PIVs are needed to accommodate a general patient population. The sizes and locations of these PIVs, should be based on a survey of cardiac and thoracic anatomy of cardiac patients under the same imaging position. For example, the PIV shown in Fig. 2 is a 15-cm diameter cylindrical volume, which is designated as the primary PIV that suits the majority of patients. In contrast, Fig. 4 shows this primary PIV along with a larger 18-cm diameter PIV, which is shifted slightly to the right to accommodate a larger patient and/or a larger heart. For two other imaging modes (scout-imaging and Tct) to be discussed later, two much large PIVs will be defined, as scout-PIV and Tct-PIV, respectively by their associated slit-plates.
2) Patient Rotation for Sampling: In many SPECT imaging situations with C-SPECT-I, the required number of projections exceeds a single set of projections of a slit-plate. Thus, rotation of the patient with respect to the PIV's axis can provide additional projection sets to meet imaging requirements. . Scout imaging, on C-SPECT-I, can be performed with a special slitplate (with 7 slits) designed for a large PIV (about 32 cm in diameter) that contains the heart. A slit-plate exchange mechanism is embedded in the gantry. Multiple semi-flexible slit-plates are connected and looped around the detector system by a conveyor belt (dashed line). A stepper-motor turns the conveyor-belt and brings a selected slit-plate up to the front for imaging.
3) Scout-Imaging: To position a patient's heart into a PIV for SPECT, a scout-imaging is performed first, without patient rotation, at the initial default position. It requires a special slit-plate, which has a smaller number (5-7) of slits to sample a large PIV (of 32-44 cm), as shown in Fig. 5 . The slits are much wider for high efficiency/low resolution imaging. After adequate photon statistics is acquired in about 1 min., the center coordinates and the size of the heart can be estimated in real-time from the reconstructed scout-images.
4) Smart-Chair System and Automated Patient Positioning:
To facilitate 3-D translation and rotation of patients, a computercontrolled Smart-chair system plays the key role. The chair will have 6 degrees of freedom and is mounted, through a 3-D translation stage, on a heavy-duty turntable whose longitudinal axis is perpendicular to the transverse plane of the gantry. After scout-imaging, the Smart-chair system will select an appropriate PIV and move the patient's heart into it. As the patient's heart is moving onto the turntable's axis, the axis of the turntable also shifts laterally to align with the axis of the selected PIV. Therefore, when patients are rotated on this axis in the following SPECT imaging acquisition, their heart keeps remaining in the PIV. After SPECT, the subsequent Tct employs a different and much large PIV. Because the sizes and locations of the two PIVs are different, the Smart-chair needs additional two degrees of freedom to move the patient between the two axes of their respective PIVs.
The Smart-chair should come with ergonomically designed armrests, firm and comfortable back support and motion restraining devices. The gantry is tapered radially toward the patient on the longitudinal plane, as shown in Fig. 1 , for patient's arms to raise and rest on the elevated armrests.
5) Data Sampling and Reconstruction:
The non-circular contour of the C-arc and the variable distance between the slits to the PIVs lead to two unconventional variations in data sampling. The first is uneven angular sampling, because the slits are not evenly spaced angularly with respect to the center of all the PIVs. The second is unequal fan-angles among the sampling-fans formed by different slits. These two variations imply that iterative algorithms, such as OSEM, rather than conventional FBP, are necessary for image reconstruction [34] . In addition, iterative algorithms can handle quite effectively the truncated projections caused by sampling a small imaging volume in the patient's body [35] - [38] .
E. Fast and Automated Collimator Exchange
The C-SPECT platform is designed to perform three different imaging modes (scout-imaging, SPECT, and Tct) in sequential phases. Each mode requires a specific slit-plate to define a PIV and to meet its collimation and sampling requirements. Thus, we need a scheme to change slit-plates, quickly and smoothly, without disturbing the patient. To facilitate this operation, the slit-plate can be made semi-flexible. For example, the slit-plate can be constructed as a chain of narrow segments of 2-3 cm width in the transverse plane. Each segment overlaps with its neighbor segments to prevent radiation leakage. An analogy would be that of household vertical Venetian blinds (V-blinds) in closed position; each vertical-slat (or v-slat in V-blinds terminology) of the blinds is partly in contact with its adjacent v-slats. This slit-plate chain-assembly is mounted on rollers that slide on tracks fixed to the top and bottom frames of the gantry. Moreover, multiple slit-plate-chains can be connected in series on a conveyor belt and looped around the detector system, as also shown in Fig. 5 . A computer-controlled stepper motor can turn the conveyor belt with precision. Care must be taken in the design of the conveyor belt to achieve accurate and reproducible collimation for the slits. The gantry can be designed to accommodate four slit-plates in a loop; e.g., one for scout imaging, two for PIVs of different sizes or locations, and one for Tct imaging. Provision can be made for a second track, connected as a branch of the main track for additional slit-plates. A control system can select a specific slit-plate on a track to move up to stage for imaging.
F. Integrated Transmission CT (Tct) System
Integrated in the C-SPECT-I is a Tct system. The Tct system uses the same detector system for imaging photons transmitted from a source on the other side of the patient, as shown in Fig. 6 . The Tct can be performed with a moderate acquisition time of 1-2 min. to keep patient comfortable and to average out patient's respiratory motion to better match its images with the separately acquired SPECT images.
1) Sampling Options: Fan-beam Tct typically requires an angular sampling range of 180 plus the fan angle. Assuming a typical fan-angle of 50 , a total of 230 rotation of the source relative to the target is needed. The primary scheme is to rotate the patient 230 , as shown in Fig. 6 . Tolerance for this large and slow rotation may not be a problem for most patients, provided they are comfortably and firmly secured in the chair. As an alternative option, the rotation can be shared between the patient and the transmission source; both rotate synchronously on the same axis but in opposite directions. This option will be explored if significant number of patients prefer, or can only tolerate, a smaller angle (such as 100 -120 ) of rotation. Its implementation needs to be weighted by increased mechanical complexity and costs.
2) Slit-Plate for Tct: The V-Blinds: When conducting Tct after SPECT, the slat-stack remains in place, but the slit-plate used for SPECT must be moved out of the way to allow transmitted photons to reach the detector. A special slit-plate will move into position for Tct imaging. This slit-plate would look like an "open" household Venetian-blinds, again shown in Fig. 6 . It is made up of a series of open v-slats, which hang in front of the slat-stack for transverse collimation. These v-slats are thin lead foils separated by air-equivalent material and can be 10-15 mm deep and spaced about 2-3 mm apart. On the transverse plane, all the v-slats focus to a longitudinal transmission line source in a fan-beam. The V-blinds not only block scattered photons and allow unscattered photons in the fan-beam to go through. More importantly, they reduce emission photons from patient's body from swarming the detector system.
For the first Tct option that requires patient rotation only, the V-blinds set remains stationary throughout imaging. For the second Tct option with combined source and patient rotation, the V-blinds set would rotate synchronously with the rotating transmission source to maintain their focus on the source. Since these V-blinds set can also be assembled as a semi-flexible chain, the v-slats can be grouped into segments that are also mounted on rollers and slide on the same tracks. Because each v-slat is rigidly fixed on its roller, its orientation is solely defined by the local track and remains largely focused to the source as both rotate over a limited angle, such as , from its middle position.
3) Tct Source: To take advantage of the high-count rate capability of the detector system, we use a high-intensity source for Tct. A high intensity scanning point source (for longitudinal scan at each rotational step) or a stationary line source can be used. Our choice is to use an x-ray tube to provide filtered x-rays or characteristic x-rays when a heavy-element is irradiated [39] , [40] . In both cases, the transmission flux is reduced in intensity and centers on a narrow energy band suitable for photon counting detection.
G. Performance Potential
To evaluate the performance potential of the C-SPECT platform, we estimate its system geometric efficiency (SGE) and verify the adequacy of sampling schemes for artifact-free imaging. We use calculations and simulations based on a tentative model of C-SPECT-I. A relative SGE, or SGE index (SGEI), can be derived by comparing with that of a benchmark-a model of a dual-head SPECT system.
1) System Geometric Efficiency (SGE):
The geometric efficiency (GE) of a collimator is defined conventionally as the number of photons passing through the collimator as the fraction of the photons emitted from a point source [41] , [42] . The SGE of a SPECT system is the sum of the GEs from all its collimator components with respect to an appropriately located point source. Basically it is the total detection solid angle subtended at the point source when it is sampled, by the detector and collimator systems, at a specific spatial resolution. Thus, the SGE of a system has a well-defined value that can be calculated directly from the system's model and parameters, including collimator design and target distances explicitly defined in the model.
Consider a slit-slat collimator with a single slit, such as that shown in Fig. 3 . Its performance metrics are expressed in newly published formulas [24] , [43] . Denote by the width of the slit; by and , the thickness and length of each slat, respectively; and by the separation gap between adjacent slats. Consider a point source at a perpendicular distance from the slit-plate, and a perpendicular distance from the front of slats, and at an angle with respect to the normal to the slit-plate. The on axis transverse and longitudinal collimation resolutions are given by (1) (2) respectively, where (3) and is called the minifying factor. The subscript in some parameters above denotes the use of corrected values after taking into account the effects of septal penetration. In each direction, the sampling resolution (with subscript ) is given by (4) where is the intrinsic spatial resolution along that direction (subscript:
for transverse, and for longitudinal). In the longitudinal direction, , the first factor is much larger than the second factor; the sampling resolution is thus mainly determined by the collimation resolution (with subscript ). In the transverse plane, , the second term becomes significant. To keep the sampling resolution under control in the design of C-SPECT-I, we need to select appropriately to go with the transverse intrinsic spatial resolution, , to contain the second term. The smaller (higher resolution) the , the larger the , and more number of slits and projections, can be used. Finally, the geometric efficiency of this single-slit slit-slat collimator is given as (5) a) Conditions of Calculation: When calculating SGE, the imaging condition of the system is directly relevant and should be stated explicitly [20] , [44] .
i) Sampling spatial resolution: Because it is not possible to make different systems to perform under exactly the same sampling resolution, we use modeling to normalize their sampling resolution virtually on paper. In the following calculations, we fix the 3-D sampling resolution of a point source at the center of the heart to be 11 mm FWHM isotropically. For the dual-head SPECT model, sampling resolution of the point source cannot be isotropic due to variation of sampling distance in different projections, especially with a body-contour orbit. Therefore, we approximate this condition by requiring the "average sampling resolution", from all directions, of the point source to the same 11 mm FWHM.
ii) Location of point source and the thorax model: In calculating SGE, the point source is placed at a proper location in the SPECT system, such as where the center of the heart would be during imaging. We define this location using a thorax model, represented by a 40 30 cm ellipse, where the center of the heart is located at 6 cm to the left-anterior 45 direction from the center of the ellipse.
b) C-SPECT-I Model:
We used a model for C-SPECT-I with 12 slits in this calculation. The patient is positioned so that the minimum clearance is 3 cm. The detector-arc is assumed to be continuously position-sensitive with no functional gap. The slits are arranged such that, in the transverse plane, they sample data simultaneously of a PIV with non-overlapping projections. To achieve a uniform transverse resolution at the center of the PIV, the minifying factor for all the slits is set to the same fixed value, 1.85.
Next we calculate the SGE for a point source at the center of a 15-cm diameter PIV, as shown in Fig. 2 . Table I lists the imaging conditions in the model and basic parameters of the slit-slat collimator. Table II summarizes the other relevant parameters and calculated results for the odd-numbered slits. The first row in Table II shows the radial distances of the odd-numbered slits from the center of the PIV. The fourth row shows the calculated GE for each slit based on (5). The last row shows the sum of the GEs from all 12 slits. Thus, our C-SPECT-I model predicts an SGE of . c) Dual-Head SPECT Model: For a dual-head SPECT system, we use a model shown in Fig. 7 . Two gamma cameras in L configuration, each represented by its parallel-hole collimator, rotate over 90 in 32 steps around the patient from the RAO-LAO projections. The patient model is the same 40 cm 30 cm thorax. A special feature is the contour orbit that the cameras follow; it is an elliptical arc that clears the thorax by 3 cm. At each step, the target distances were measured, and the sampling resolution was calculated accordingly. Because the sampling resolution at the center of the heart is not uniform among the projections, we adjusted the collimator parameters of this dual-head model iteratively until the average sampling resolution from all 64 projections to the point source reach 11 mm FWHM. Table III lists the sampling distances and resolution of 8 equal-spaced steps out of the 64. With the collimator parameters defined, the distance-independent of the two identical parallel-hole collimators is derived from the standard Anger formulas [41] , [42] . Table IV compares the SGEs of a typical dual-head SPECT model with three C-SPECT-I models, each having a progressively improved detector ISR to accommodate 11 to 13 slits. These C-SPECT-I models yield SGEI from 1.91 to 2.05. 
d) Comparison Between the Two Models:

2) Simulated Imaging:
The other major concern in the system design is the adequacy of data sampling. Hence, sampling and image reconstruction of C-SPECT-I were investigated through simulations. The areas examined are number of rotational steps, sampling pattern, total angular sampling range, and their effects on reconstructed image quality. a) A Digital Heart-Body Phantom: The simulations used a digital phantom, shown in Fig. 8(a) (in the conventional feet to head orientation), with its magnified central portion shown in Fig. 8(b) . The target organ is the "myocardium," represented by a 10-mm thick, 120-mm diameter annulus with uniform concentration of radioactivity. The annulus encloses 12 circular hot-spots of the same activity concentration but various sizes (6, 8, 10 , and 12 mm diameters), separated from its neighbor by the sum of the diameters of the two adjacent hot-spots. The center of the 256 256 matrix in Fig. 8(a) is the center of the annulus, the center of the middle 10 mm hot-spot, as well as the center of the 150 mm diameter PIV (not shown). The patient body, represented by a circular 250-mm diameter disk, has its center offset 5 cm to the 45 RPO direction from the center of the annulus. The body contains a uniform background of 20% concentration of that in the annulus. To the right of the myocardium is a small elliptical disk, representing the dome of a liver, at 60% concentration of that in the annulus.
b) Simulations for C-SPECT-I:
The sampling resolution from all directions toward the PIV is assumed to be a constant 11 mm FWHM with no distance dependence. The simulations also assumed ideal data collection with no other degrading effect caused by attenuation, scatter, noise, and filtering or other processing. The following aspects are simulated and evaluated.
i) Number of rotations: The required number of angular sampling in CT is proportional to the size of the FOV centered at the axis of rotation and the maximum spatial frequency to be imaged [45] . C-SPECT takes advantage of this relationship. With a relatively small PIV located on the axis of rotation, it requires a smaller number of angular sampling than conventional SPECT systems to provide the same imaging resolution. Our following simulation is based on a C-SPECT-I model with 195 angular coverage between the two end-slits to the center of the PIV. Ordered-subset expectation-maximization (OSEM) algorithm was used to reconstruct the 20 20 cm region of the phantom centered at the PIV [34] . The reconstruction also used an a priori body-contour as a support, which assumed no activity outside. In Fig. 8(c) to (f) , the 4 images are reconstructed with numbers of angular sampling from 12, 24, 36, to 48, corresponding to 0, 1, 2 and 3 rotations of the phantom, respectively. The corresponding angular sampling ranges are 195 plus the rotation angles, which are 0 and 3 5 , respectively. As expected, image quality improves with the number of angular sampling. The image in Fig. 8(c) , for the case of no rotation (12 projections), shows poor quality. Thus, stationary imaging operation in C-SPECT-I does not provide quality image under this simulated sampling resolution (of 11 mm). When a lower sampling resolution or software processing to reduce image resolution is used, this stationary acquisition provides a compromise for situations that require high temporal resolution. The image shown in Fig. 8(d) , with 2 sets of data (24 projections) is quite decent, while the images, in Fig. 8 (e) and 8(f), with 3-4 sets of data (36-48 projections) , are excellent and similar in image quality.
ii) Range of angular sampling: In theory, complete sampling of a PIV in the SPECT mode requires an angular coverage of 235 (i.e., 180 plus a fan angle, which varies between 40 -55 ) with respect to the center of a PIV. However, such a large angular coverage in C-SPECT-I would make the gantry too restricted for proper patient positioning and maneuvering. The appropriate range is an important issue that directly relates to the physical size of the gantry. In the simulations, these angular ranges are defined with respect to the center of the primary PIV and subtended symmetrically to the 45 LAO direction of a properly positioned heart-body phantom. Imaging simulations were conducted for 5 angular-sampling ranges: 180 , 195 , 210 , 225 and 240 . Note that only the last one meets, and actually exceeds, the complete angular sampling requirement. In each case, four sets of projection data, simulated for the scheme involving three 5 rotations, were reconstructed. Three of the reconstructed images (for 180 , 210 , and 240 ) are shown in Fig. 9 . They demonstrate adequate image quality for all these sampling ranges. The 180 image, in Fig. 9(a) , shows slightly decreased activity and minor artifacts in the far backside of the annulus. This image can still be considered marginally acceptable, even with less quality, because the backside of the PIV has no radiotracer uptake in clinical situations. The other images, with angular-sampling ranges equal to or larger than 195 , are artifact-free and visually identical; they also yield nearly identical quantitative profiles inside the PIV, as shown in Fig. 10 . Visual differences, as well as difference in profiles, are mainly outside the PIV in the rest of the body, and are the results of the grossly incomplete sampling and severe projection truncation in those regions. Fig. 11 shows a semi-quantitative assessment of the images acquired with the different angular-sampling ranges. It plots the square root of the sum-of-squared-error inside the PIV, between the 5 reconstructed images and the digital phantom, as a function of angular-sampling range. The largest error occurs at 180 . Increasing sampling range beyond 180 leads to small errors and are quite comparable to that of 240 , which has complete sampling. The remaining small differences are attributed to round-off errors. We conclude that the angular-sampling range of 195 is the minimum required for C-SPECT-I.
iii) Sampling pattern in Sinogram space: The sampling pattern in Sinogram space with 3 sets of projection data (two 7 rotations) for the 12-slit C-SPECT-I model is shown in Fig. 12 . The detector-arc is assumed to be sampled every 3 mm along its transverse plane. The abscissa is the radial positions of the projections from each slit relative to its own central axis, which is a line connecting the slit to the center of the PIV on the transverse plane. The ordinate shows the corresponding projection angles, in degrees, measured from a reference axis. There are twelve distinct slanted bands, one for each slit, in the pattern. Each of these bands consists of 3 slanted lines, one for each projection at a rotational step. The figure shows that the sampling density in the sinogram space, although not exactly uniform, is quite different from, and more uniform than, that of the SPRINT-II [22] . The total angular sampling range of this case is 214 , which is the sum of 200 between the two outermost slits to the center of the primary PIV and 14 of the 2 additional rotations. There are several local blank spaces in this sampling pattern representing missed data points, which are the result of physical gaps between adjacent detector modules in the detector-arc. In this model, we assumed a 3 mm sampling gap between adjacent modules. Each of the detector modules is assumed to be 10 cm wide and its scintillator slab is fully position-sensitive in the transverse plane of the module. Because the width of the module does not match with the projection width, the blank spaces are located at different relative positions in different projections. Although there are also several thin over-sampled, but not exactly double-sampled, slanted stripes, all these data are independent measurements and can be used effectively in reconstruction and contribute to image quality.
IV. DISCUSSION
In the C-SPECT platform, we start out from a basic system geometry that detects photons from a number of predetermined imaging volumes (PIVs). Effective sampling is implemented through efficient and flexible collimation and detector systems. A central concept is the multiple PIVs and their somewhat flexible placement. The size and location of the primary PIV should be adequate for most of patients' hearts [46] . Additional PIVs with different sizes and locations can be defined for other segments of patient population. It is this flexibility-selection of one of the PIVs using a scout-imaging-that makes this rigid system geometry practical and optimized for imaging a general patient population.
Another important design parameter is the appropriate range of angular sampling, which determines the angular span of the gantry and the C-arc. The latter should be sufficiently large to image most patients properly, while small enough for cost and operational concerns. Our simulations indicate that an angular-span of 195 -210 between the two end-slits is appropriate. For stationary imaging with no target rotation, the C-SPECT-I will provide at least 200 of angular sampling of a PIV. With target rotation, an additional angle of 10 -15 would be added to yield 210 -215 of total angular sampling.
For typical clinical imaging, when many degrading factors are present and resolution requirement is lower than we have used in our simulations, the total number of projection sets could be reduced to 2, i.e., with one rotation only. For dynamic imaging with fast framing rate (at 5 or 10 sec), a C-SPECT system can operate in a completely stationary mode, or in a one-rotation mode alternating between two target orientations, based on image quality requirements. The raw data contain valuable timing information for post-processing applications, such as 4D compartmental modeling or deriving SPECT images of flexible temporal and spatial resolution. Completely stationary, or nearly stationary, operations are obviously desirable and important for gated acquisition imaging, which often requires a timing window of 0.1 sec or less.
In data sampling, the feature of a small number of target rotations leads to many practical benefits. Not only the idling time during rotation is minimized, it also makes the data set more compact in size (such as K, when using 2 projection sets with 1 rotation), which is smaller than that of other contemporary approaches by a factor between 2 to 15 in our estimation. This is a desirable feature in reconstruction time, especially for iterative algorithms. More significantly, this compact data size implies the data are made up of larger and more accurate numbers with reduced relative statistical noises, because the total counts are distributed over a smaller number of pixels. This low noise feature boosts the signal to noise ratio, and when compounded with the low noise resulted from increased SGE, lead to high quality images in C-SPECT. This low noise feature may allow acquisition frame rates to be increased further. More investigations are needed to investigate this possibility and its limitations.
In C-SPECT-I, the point-spread-function at the center of the PIV will be quite isotropic. Because of the stationary gantry and rotation on the axis of the PIV, target distances remain unchanged in imaging. Thus, sampling resolution at the center of the PIV from all directions can be matched by adjusting the widths of the slits. As a result, the 3-D image resolution throughout the PIV will be quite uniform. This relatively uniform spatial resolution is very desirable, in light of artifacts and difficulty in interpretation caused by non-uniform and orbitdependent resolution of conventional rotating SPECT systems [47] - [49] .
The upright gantry and patient's sitting imaging position are preferred in C-SPECT-I. These features facilitate patient translation and rotation in selecting and imaging in a PIV, and are especially suitable for the large-angle patient rotation needed in Tct imaging. Although it is not impossible to develop a horizontally oriented system geometry that rotates the detector and/or slit-plate while keeping patient supine and stationary, the current upright design of C-SPECT-I is mainly due to cost issues and ease of implementation. Furthermore, supported by several preliminary studies, upright cardiac SPECT imaging may have the advantage of lowering the patient's diaphragm and breasts to reduce the severity of attenuation and scatter contamination caused by sub-diaphragm tissues and tracer distributions [50] - [52] .
The C-SPECT-I system requires the development of a mechanically complex Smart-chair system to execute its imaging operation. The Smart-chair's functionality is the main reason that the designs of other components can be simplified, cost reduced, and performance improved. The required motions of the Smart-chair, although complex, are not more complex than those already existing in conventional high-end dual-head SPECT systems. These latter systems require a combination of typically 4-5 simultaneous motions during imaging, including detector rotation, lateral gantry and/or vertical couch translation, and two independent radial translations of detector heads for patient-specific contour orbiting. For systems with simultaneous SPECT/Tct, additional motion of transmission source(s), with sliding-window energy-selective acquisition, are involved during image acquisition as well. Because of the heavy load of these systems (1000-2000 lbs for detector system), the required precision motions and necessary patient-safety measures become complex and expensive. In SPECT systems, mechanical complexity is necessarily employed to expand functionality and reduce costs. In C-SPECT-I, the mechanical complexity is mainly confined to the lightweight Smart-chair system. We assume that patients can hold their thorax still during imaging on the Smart-chair. Thus, considerable effort must be devoted to designing the Smart-chair for patient comfort and immobilization.
In addition to using a point source model in estimating detection efficiency, we have used a more realistic 2-D disk-source model with attenuation in comparing the SGE with the dualhead model. The latter model yields 5% less SGEI, relatve to the dual-head model, than that of the point-source model for C-SPECT-1. This is because off axis photons reach the slits obliquely, encountering an effectively smaller slit, to encounter the effect. Because the in the C-SPECT-I model averages only about 10 , this effect is relatively minor.
The concept of using minified projections is to allow more simultaneous projections and thus increase SGE. It was first implemented in 1-D in SPRINT-II, and extended to 2-D by the Arizona group [53] . Because a detector performance of 3.0-3.3 mm ISR is not difficult to achieve, a C-SPECT-I with 11-12 slits is realistic to be developed cost-effectively. Further increasing the number of slits and minifying the projections can push the SGE higher, albeit only slightly due to other design constraints. In general, the SGE of C-SPECT-I doubles that of the conventional dual-head systems for cardiac SPECT imaging. Thus, a C-SPECT-I should at least provide the same imaging quality in half the time of a dual-head SPECT system in cardiac imaging.
Slit-slat collimation has been around for years, but has largely been overlooked because its niche is limited. Our C-SPECT-I exploits this collimation's strength and flexibility. Pinhole collimation can also be implemented in C-SPECT, in light of the recent success of small animal SPECT systems. In fact, pinhole-based clinical SPECT systems have received renewed interests recently [54] , [55] . However, since projection magnification is not realistic for clinical SPECT systems, using pinhole collimation for C-SPECT requires 2-D minified projections for adequate sampling. To achieve a high SGE and adequate 3-D sampling, a large number of pinholes and a large detector of very high 2-D ISR will be needed to accommodate the large number of minified projections simultaneously.
Our proposed collimator system and collimator-exchange mechanism make C-SPECT a versatile and powerful system by opening up imaging tasks and protocols that were not possible or not practical so far. With this exchange scheme, multi-phase imaging can be performed quickly and smoothly without disturbing the patient. As a result, images acquired in sequential phases can be matched anatomically and collimation can be selected to suit imaging requirements and adapt to patient variations. This concept is the same as the "Adaptive SPECT" proposed by Barrett et al. recently [56] . In scout-imaging mode, a set of low-resolution/high-sensitivity images is acquired first in a large FOV. Although the purpose of scout imaging is to facilitate patient positioning, these low-resolution images are rough estimates of outside activity distribution that can help improve SPECT images. These images can guide corrections of errors introduced by truncation and scatter of SPECT images, when used in combination of Tct images [57] .
Further increase of SGE in C-SPECT can be achieved by extending to 3-D sampling. An example is replacing the parallel slats with longitudinal-converging slats. The resulting sampling is a bifocal cone-beam geometry. This geometry can increase SGE by another factor of 2, depending on the convergence rate [58] - [62] . This feature will be explored in our second-generation design, C-SPECT-II [21] . Several cone-beam collimation approaches support the contention that increased 3-D geometric efficiency leads to improved lesion-detection accuracy [63] , [64] . Although cone-beam collimation has been investigated for years, it has not been implemented on clinical SPECT systems yet. The major difficulty is in keeping the heart in the cone-beam when detectors rotate. This is not a problem for our proposed C-SPECT-II, because the heart is locked in a PIV throughout imaging, even with patient rotation involved. Thus, the potential and benefits of cone-beam imaging should be more likely realized in a C-SPECT-II system.
Our proposed Tct scheme also promises high performance-tocost ratio. The low cost comes from the feature that SPECT and Tct modes share the same detector system. High performance comes from low-noise Tct images that result from the combined use of a high-intensity transmission source and a high count-rate modular detector system. The use of a high-intensity source, albeit at low energy, for Tct has several advantages. High intensity transmission can overshadow down-scattered emission photons, and reduce the scatter contamination to a small and insignificant fraction. If necessary and desirable, cross-talk contamination in the low-energy window can be corrected quite effectively [65] , [66] . Using filtered or characteristic x-rays as the transmission source is our choice, which offers many practical advantages. These advantages include no need for regular replacement of the source, easy storage and handling, reduced concerns for radiation leakage, monitoring and disposal, adjustable intensity to suit patient size and detector performance, and last but not the least, high reliability and low cost. Our modular detector system, when operating in a high-speed photon counting mode, can handle filtered or characteristic x-rays, which would be far more intense than any radionuclide-based transmission sources can provide.
In the last few years, several dedicated cardiac SPECT systems with new system geometries have been introduced and promoted commercially [67] - [69] . Our C-SPECT-I looks quite similar to the system-CardiArc; both systems are extensions of Michigan's SPRINT-II. However, the similarities exist only on the surface, specifically, in the general system geometry and basic collimation. The systems are very different in all other design concepts and implementation, including the specific system geometry, the detector system, the collimator design and operation, the image volume, and imaging operations. The most significant difference is in their sampling operations. CardiArc uses detector-based sampling, similar to that of 4th-generation CT, while C-SPECT uses projection-based sampling, similar to that of 3rd-generation CT. Thus, these two approaches have quite different maximum framing rate, which is important for grated and dynamic imaging. Based on our modeling studies of the generic sampling geometries of these new cardiac systems, their SGEs all turn out to be comparable (i.e., within 10%) to the conventional dual-head model [44] . These studies were based on similar modeling technique described in Section III.G. These findings are not unexpected, because the SGEs of SPECT systems are basically proportional to their detector area and inversely proportional to the size of the imaging field, when sampling resolution is normalized and the secondary differences of target distances are ignored. This assertion is supported by the well-established Space-Bandwidth-Product concept [70] , [71] . In other words, with fixed bandwidth (i.e., resolution), the detection solid angle determines the quantity of information gathered. In SPECT systems, there is no substitute for detector area for providing detection solid angle. The discrepancies of system sensitivities between the relative SGEs of our modeling study and commercial claims are the results that the sampling resolutions were not normalized. One of the systems uses high-sensitivity collimators to sample low-resolution data, which are then reconstructed through a proprietary algorithm with a heavy resolution-recovery component [69] .
With regard to resolution-recovery processing of SPECT images, it is a legitimate and powerful technique when used properly. Major commercial vendors have already embraced these techniques and have been promoting them in their products. They claim that these techniques effectively allow image acquisition time to be cut in half, with the same collimators, to achieve the same image quality. Although software processing is a crucial component that needs to be optimized for all SPECT systems, evaluation of software techniques has not been standardized. As a result, software processing is hard to assess rigorously and comprehensively. If these techniques can handle high sensitivity/low-resolution data effectively, it would be an exciting new direction for system design. We believe the basic principles of most software-processing techniques are not platform-specific. To compare different systems fairly and objectively, the performance of hardware and software should be assessed separately, although this condition is necessary but still not sufficient. The ultimate evaluation should include realistic taskbased evaluation. Software processing for short acquisition data to gain equivalent diagnostic information is certainly welcome by all. Based on the current general claim of a factor of 2 of gain through software processing, a potential C-SPECT-II system can cut acquisition time at least by a combined factor of 8 and support sub-2-minute acquisition without compromising current image quality. With the inherently low noise data acquired, the frame rate can likely be pushed further. For a slightly reduced image quality, even the C-SPECT-I could provide enough SGE for sub-2-minute dynamic cardiac SPECT imaging.
Regarding the potential cost of a C-SPECT-I system, we believe it has the potential to be comparable to and competitive with current general-purpose dual-head clinical SPECT systems. This is because the cost of a SPECT system is mainly determined by the two major hardware components-the detector system and the mechanical system. It is the reduced cost of the mechanical system that makes C-SPECT-I attractive and could offset the higher cost of a new detector system.
V. CONCLUSION
We have presented the design concepts of the C-SPECT platform to achieve high performance imaging based on an optimized system geometry for efficient and effective detection of photons. We have introduced new concepts-PIV and collimator exchange-and their ways of implementation that allow adaptive imaging to be realized clinically. We have also presented versatile and flexible sampling schemes for different modes of imaging and described ways to implement these concepts in a basic C-SPECT-I system. Based on a tentative model of C-SPECT-I, we have illustrated how it achieves high SGE and presented its basic sampling schemes. The proposed C-SPECT platform can double or quadruple the SGE of cardiac imaging from that of conventional dual-head SPECT systems. This increased SGE can be used to suit various imaging situations and achieve improved performance. We believe, for gated and dynamic imaging, the best performance potential goes to a completely, or near completely, stationary system with the highest SGE and effective sampling. The cost of a C-SPECT-I system could be comparable to and competitive with that of conventional general-purpose dual-head SPECT systems. The most important aspects of the C-SPECT platform, which are hard to put a price tag on, are the improved performance and the potential of expanding cardiac SPECT imaging to new applications and clinical protocols to improve patient care.
